High salinity is one of the most severe environmental stresses and limits the growth and yield of diverse crop plants. We isolated a gene named TaPUB1 from wheat (Triticum aestivum L. cv HF9703) that encodes a novel protein containing a U-box domain, the precursor RNA processing 19p (Prp19) superfamily and WD-40 repeats. Real-time reverse transcription-PCR analysis showed that TaPUB1 transcript accumulation was up-regulated by high salinity, drought and phytohormones, suggesting that it plays a role in the abioticrelated defense response. We overexpressed TaPUB1 in Nicotiana benthamiana to evaluate the function of TaPUB1 in the regulation of the salt stress response. Transgenic N. benthamiana plants (OE) with constitutively overexpressed TaPUB1 under the control of the Cauliflower mosaic virus 35S (CaMV 35S) promoter exhibited a higher germination rate, less growth inhibition, less Chl loss and higher photosynthetic capacity than wild-type (WT) plants under salt stress conditions. These results demonstrated the increased tolerance of OE plants to salt stress compared with the WT. The OE plants had lower osmotic potential (OP), reduced Na + toxicity and less reactive oxygen species accumulation compared with the WT, which may be related to their higher level of osmolytes, lower Na + /K + ratio and higher antioxidant enzyme activities under salt stress conditions. Consistent with these results, the up-regulated expression of osmic-and antioxidant-related genes in OE plants indicated a role for TaPUB1 in plant salt tolerance.
Introduction
Higher plants are constantly exposed to diverse abiotic stresses throughout their life, especially excessive salt. To adapt to adverse growth conditions, plants have developed a variety of defense strategies that improve their tolerance to detrimental conditions. A large and increasing number of genes regulated by stress have been identified (Bohnert et al. 2006 , Vij et al. 2007 ). Nevertheless, the biological functions of these genes with regards to either stress tolerance or sensitivity in plants are still largely unknown. Therefore, it is crucial to study the functions of stress-related genes from crop plants to enhance tolerance under unfavorable conditions.
The ubiquitin/26S proteasome system (UPS) is a vital regulatory mechanism involved in protein degradation in plants. The UPS degrades a wide range of proteins in the nucleus and cytoplasm, and is involved in many processes, including signal transduction, the cell cycle, stress responses and other processes (Dreher and Callis 2007, Craig et al. 2009 ). In this pathway, multiple ubiquitin (Ub) chains are attached to target proteins by the ubiquitin-activating enzyme (E1), ubiquitin-conjugating enzyme (E2) and the ubiquitin-protein ligase (E3). 26S proteasome could recognize the Ub chain and subsequently degrade the selected proteins. E3 ligases are mainly responsible for the specificity of the target proteins in the pathway (Sullivan et al. 2003) .
E3 ligases are the most diverse components in the UPS and are divided into four main classes according to their domains: HECT, RING/U-box, SCF and APC (Chen and Hellmann 2013) . The U-box is one of the identified ligase activity-related protein domains and contains approximately 75 amino acids; it was first identified in yeast (Johnson et al. 1995, Aravind and Koonin 2000) . Many U-box-containing proteins were subsequently revealed to function as E3 ligases (Wiborg et al. 2008 , Zeng et al. 2008 . Recently, a variety of plant U-box (PUB) genes were determined, and it was found that the deletion of the U-box domain could influence the activities of E3 ligases (Ohi et al. 2003 , Stone et al. 2003 , Zeng et al. 2004 . To date, 64 predicted PUB proteins in Arabidopsis and 77 putative PUB proteins in rice have been identified (Zeng et al. 2008, Yee and Goring 2009) . These PUB proteins are divided into nine major classes dependent on their domain compositions (Wiborg et al. 2008 , Zeng et al. 2008 ). There are different typical domains in PUB proteins, such as armadillo repeat, kinase domain, tetratrico peptide repeat (TPR) motifs, WD40 repeats or others. However, there are few studies on U-box proteins in wheat.
Recently, a growing number of PUB genes were implicated in many biological processes, such as self-incompatibility (Stone et al. 2003) , abiotic and biotic stress (Yan et al. 2003 , Zeng et al. 2004 , hormone regulation (Amador et al. 2001 ) and plant development (Kim et al. 2003) . For example, precursor RNA processing 19p (Prp19p) family members participate in pre-mRNA splicing (Ohi and Gould 2002) .
Wheat (Triticum aestivum L.) is a major food crop that is widely cultivated around the world. We were interested in elucidating the adaptive response of wheat against environmental stresses, such as high salinity, drought stress and pathogen invasion. In this study, we cloned a PUB gene from wheat, named TaPUB1 (JX307854), that encoded a protein containing a U-box domain, Prp19 superfamily domain and WD-40 repeats. We analyzed the transcriptional expression patterns of TaPUB1 under various treatments. It was observed that the overexpression of TaPUB1 enhanced the tolerance to high salinity in transgenic Nicotiana benthamiana plants. The mechanisms of improved salt tolerance due to the overexpression of TaPUB1 were discussed.
Results

Isolation and bioinformatic analysis of TaPUB1
Based on the conserved domain of the known PUB59, a pair of degenerate primers (P1/P2) was designed to isolate a cDNA fragment of the U-box protein from wheat seedlings. Then two sets of specific primers (GSP1/GSP2 and T1/T2) were designed for 3 0 rapid amplification of cDNA ends (RACE) and to obtain the full-length cDNA sequence, respectively. The fulllength cDNA was determined to be 1,932 bp. TaPUB1 contained 1,593 bp that encoded 531 amino acids, and a 339 bp untranslated region at the 3 0 end. The relative molecular mass and isoelectric point of the protein were 57.8 kDa and 5.96. The TaPUB1 protein contained a typical U-box domain in the Nterminus and WD-40 family repeats in the C-terminus. Based on the presence of the U-box domain, we designated this gene as TaPUB1 (GenBank accession No. JX307854).
Multiple sequence alignments between TaPUB1 and other PUB proteins were conducted with the DNAMAN software. The result demonstrated that the amino acid sequences of these proteins were highly conserved. TaPUB1 exhibited a homology of 68% with AtMAC3A from Arabidopsis, 69% with AtMAC3B from Arabidopsis, 83% with Brachypodium distachyon and 84% with the Oryza sativa Japonica group (Fig. 1a) . To investigate the evolutionary relationships, phylogenetic analysis was performed based on the amino acid sequences using the Neighbor-Joining method with MEGA 5.2. As shown in Fig. 1b , compared with dicotyledon PUBs, TaPUB1 has higher similarity to PUBs from monocotyledons, such as Triticum urartu, B. distachyon and O. sativa Japonica group.
TaPUB1 is localized to the cytoplasm and nucleus
Wolf PSORT (http://wolfpsort.org/) predicted that TaPUB1 was localized to the cytoplasm and nucleus. The 35S::TaPUB1-GFP and 35S::GFP (control) fusion proteins were constructed to investigate the subcellular localization of TaPUB1 (Fig. 2a) . Both of the constructs were transformed into onion and N. TaPUB1 (AGH13207) and some related proteins, such as AtMAC3A (NP_563708, Arabidopsis thaliana), AtMAC3B (NP_850206, Arabidopsis thaliana), XP_003574025 (Brachypodium distachyon) and NP_001064804 (Oryza sativa japonica Group). Amino acids with 100% identity are shaded in black. (b) Phylogenetic relationship between TaPUB1 and other plant U-box proteins, including EMS55665 (Triticum urartu), XP_003574025 (Brachypodium distachyon), NP_001064804 (Oryza sativa Japonica group), NP_001130622 (Zea mays), XP_002464506 (Sorghum bicolor), XP_010089218 (Morus notabilis), XP_002311694 (Populus trichocarpa), XP_0070035246 (Theobroma cacao), NP_563708 (AtMAC3A, Arabidopsis thaliana) and NP_850206 (AtMAC3B, Arabidopsis thaliana). We constructed a Neighbor-Joining phylogenetic tree with the MEGA 5.0 software. benthamiana through Agrobacterium tumefaciens (strain LBA4404). The fluorescence of 35S::TaPUB1-GFP was detected in both the nucleus and cytoplasm, while green fluorescent protein (GFP) was detected throughout the cell. After salt treatment, a stronger fluorescent signal was displayed in the nucleus (Fig. 2b, c) . These results suggested that the TaPUB1 protein was localized to the nucleus and cytoplasm, and salt stress affected the localization of TaPUB1.
Expression patterns of TaPUB1 in different tissues and under diverse stress conditions
To identify the organ-specific expression patterns of TaPUB1, total RNA from the roots, stems and leaves of wheat seedlings at the 3-to 4-leaf stage were obtained for quantitative reverse transcription-PCR (qRT-PCR). As shown in Fig. 3a , TaPUB1 transcripts were observed more commonly in the leaves compared with the roots and stems.
To examine whether TaPUB1 was involved in the plant response to environmental stresses, qRT-PCR was performed using cDNA obtained from stressed and unstressed wheat leaves. The results demonstrated that the transcript levels of TaPUB1 were affected by salt, drought and hormones including ABA, salicylic acid (SA), methyljasmonate (MeJA) and ethephon (Eth). The transcriptional levels of TaPUB1 were up-regulated for a relatively long time by 150 mM NaCl (Fig. 3b) . Treated with 15% PEG6000, the mRNA accumulation of TaPUB1 was also in a raised state within 48 h (Fig. 3c) . In addition, ABA treatment could induce the transcript level of TaPUB1 slightly (Fig. 3d) . As is well known, SA, MeJA and Eth play important roles in defense response of plants to pathogens (Bari and Jones 2009) . Here, SA treatment could weakly induce TaPUB1 (Fig. 3e) . TaPUB1 was induced by MeJA and reached its maximum at 36 h (Fig. 3f) . Eth treatment could increase the transcript levels of TaPUB1 at first and then they decreased at 24 h (Fig. 3g) . However, TaPUB1 did not change noticeably under normal conditions (Fig. 3h) . The above results showing that TaPUB1 was induced by many stresses and phytohormones suggested that it may be involved in plant stress response.
Overexpresssion of TaPUB1 enhanced the salt tolerance of transgenic tobacco plants
To investigate the function of TaPUB1 in response to environmental stresses, full-length TaPUB1 cDNA was cloned into the plant binary vector PROK II under the control of the Cauliflower mosaic virus 35S (CaMV 35 S) promoter. Then, the construct was transformed into N. benthamiana plants using the leaf disk method mediated by LBA4404. A total of 16 independent transgenic N. benthamiana plants were screened by kanamycin resistance and then identified by PCR. Some lines of transgenic T 1 plant were randomly selected for expression analysis by RT-PCR and Western blotting (Fig. 4a, b) . Three independent OE lines (OE9, OE10 and OE11) and the WT plants were used for the following experiments. In this study, we used T 3 progeny of homogenous transgenic plants.
To detect the function of TaPUB1 in plant salt tolerance, we first observed the seed germination and seedling growth of WT and OE plants under salt stress conditions. Seeds of WT and three OE lines were germinated on Murashige and Skoog (MS) plates supplemented with different concentrations of NaCl. As shown in Fig. 4c and d , there was no obvious difference in seed germination between the WT and OE lines under normal conditions. When supplemented with 150 mM NaCl, approximately 50% of the WT seeds and approximately 65-90% of the OE seeds germinated after 9 d (Fig. 4c, f) .
Next, the sensitivity of seedling growth to salt stress was assessed. Seeds were grown on MS for 3 d and then transferred to MS containing 150 mM NaCl. After 14 d, there was no significant difference in the growth of WT and OE seedlings on MS medium ( Fig. 4e-g ). Also, on MS medium containing 150 mM NaCl, compared with the OE seedlings, the WT seedlings showed a smaller cotyledon size and shorter root length (Fig. 4g, h ).
To investigate whether TaPUB1 overexpression enhanced the salt tolerance of transgenic plants at the full-grown stage, WT and OE plants aged 8 weeks were used. Leaf disks from WT and OE plants were exposed to 200 mM NaCl for 48 h. As shown in Fig. 5a , leaf disks from WT plants showed severe signs of bleaching or chlorosis after incubation with 200 mM NaCl, while the disks from the OE plants displayed little damage. This result was confirmed by measuring the Chl content in the leaf disks (Fig. 5b) .
Finally, 8-week-old plants were irrigated with a salt solution (250 mM NaCl) in a greenhouse for 2 weeks. Severe chlorosis and wilt were observed in the WT plants, whereas the damage caused by salt stress was relatively reduced in the OE plants ( Fig. 5c, d ).
These data showed that the overexpression of TaPUB1 improved salt tolerance in the transgenic plants during both the seedling and full-grown stage.
Effects of salt stress on photosynthetic gas exchange and PSII photochemistry in full-grown transgenic and WT plants Under salt stress conditions, the leaf photosynthetic rate (Pn) and transpiration rate (E) in the WT and OE plants was markedly decreased. However, the decline was greater in the WT plants compared with the OE plants (Fig. 6a, b) . Similar results were observed for stomatal conductance (g s ) and the maximum photochemical efficiency of PSII (F v /F m ) (Fig. 6c, d ).
All Chl a fluorescence kinetics curves showed a typical O-J-I-P multiphase upward trend. The Chl a fluorescence transients (Vt curve) of the WT and OE plant leaves were similar prior to salt treatment (Fig. 6e) . After salt treatment, the J (2 ms) and I (30 ms) steps were increased in the Chl a fluorescence transients of the WT and OE plants (Fig. 6f) . Notably, the fluorescence transients at the J step in the WT plants exhibited a more marked increase compared with the OE plants. The significant increment at the J step indicated that electron transport beyond Q A -was limited (Strasser 1997 , Zhang et al. 2012b ). These results TaPUB1 analyzed by qRT-PCR using total RNA extracted from roots, stems and leaves of wheat seedlings with 3-4 leaves. For stress treatments, the wheat seedlings were treated with 150 mM NaCl (b), 15% PEG6000 (c), 2 mM ABA (d), 100 mM SA (e), 100 mM MeJA (f), 50 mM Eth (g) and water as a control (h). Total RNA was isolated at various time points after treatment. Three independent experiments were performed and the bars indicate SEs. Asterisks above each column indicate significant differences (*P < 0.05; **P < 0.01) between the materials of different processing time and the control materials.
indicated that overexpression of TaPUB1 protected the photosynthetic apparatus of OE plants under salt stress.
Effects of salt stress on osmotic adjustment and Na + /K + ratios in transgenic and WT plants
The accumulation of proline and soluble sugar has been reported to be correlated with increased tolerance to salt stress (Kong et al. 2011) . Therefore, proline and soluble sugar contents were measured. There was little difference between the proline and soluble sugar contents in WT and OE plants under normal conditions. After salt stress, the contents were increased in both WT and OE plants; however, the OE plants exhibited obviously elevated levels of proline and soluble sugar under stress compared with the WT plants ( Fig. 7a, b) . Furthermore, we determined the OP and Na + /K + ratios in the different plant lines. In the absence of salt stress, the WT and OE plants displayed little difference in OP and Na + and K + contents. In contrast, after salt treatment for 2 weeks, the OP of OE plants decreased more rapidly compared with the WT plants (Fig. 7c) . Under salt stress, Na + levels were increased in both the WT and OE Germination rates of the WT and OE lines under normal and NaCl treatment conditions. The presented data are the means ± SE of three independent experiments (n = 3). (g) Post-germination seedling development of the WT and OE lines on MS supplemented with 150 mM NaCl. The seeds showed radicle emergence after being sown on MS medium for 3 d, followed by transfer to MS medium containing 150 mM NaCl. The plates were oriented vertically with seedlings kept upside down, and a photograph was taken 14 d after transfer. (h) Primary root length of the seedlings 14 d after germination in the presence of 150 mM NaCl. The presented data are the means ± SE of three independent experiments (n = 6). Asterisks above each column indicate significant differences (*P < 0.05; **P < 0.01) between the OE and control plants.
plants; however, Na + levels in the WT were obviously higher than in the OE plants (Fig. 7d) . The K + levels exhibited a small decline under salt stress but were similar in the WT and OE plants (Fig. 7e) . The change in Na + and K + levels due to salt stress resulted in lower Na + /K + ratios in the OE plants compared with the WT plants (Fig. 7f) , which was correlated with the differences in salt sensitivity of all the plants. At the same time, we observed Na + distribution by confocal microscopy using CoroNa Green dye. There were no differences observed in the fluorescence of OE and WT plants under normal conditions (Fig. 8) . After salt treatment, the fluorescence of both OE and WT plants was detectable, while intense Na + fluorescence was observed in WT seedlings (Fig. 8) . Na + fluorescence analysis was consistent with Na + levels.
Overexpression of TaPUB1 enhanced the antioxidant capacity and membrane stabilization in transgenic plants under salt stress conditions
One-week-old plants were stained with 3,3 0 -diaminobenzidine (DAB) and nitroblue tetrazolium (NBT) to determine the levels of reactive oxygen species (ROS) accumulation (Fig. 9a, c) . Under normal conditions, no significant difference in color was observed between the WT and OE plants. Salt stress increased the accumulation of both O 2 Á -and H 2 O 2 , because lighter brown and blue precipitates were detected in the OE plants compared with the WT plants. Quantification of H 2 O 2 levels ( Fig. 9b) and O 2 Á -production rates (Fig. 9d) were consistent with the staining assay. These data demonstrate that overexpression of TaPUB1 reduces the accumulation of ROS in the OE plants.
Electrolyte leakage is an index of membrane permeability. After salt treatment, the electrolyte leakage of the WT and OE plants was increased; however, the electrolyte leakage of the WT was higher compared with the OE plants (65% vs. 45-50%, respectively) (Fig. 10a) . We detected the lipid peroxidation by the measurement of malondiadehyde (MDA) levels in leaves, which was similar to the results of electrolyte leakage (Fig. 10b) .
The antioxidant ability of the OE and WT plants was assessed. Derivatization of protein carbonyls with 2,4-dinitrophenylhydrazine (DNPH) followed by immunoblotting with an anti-DNPH antibody is a sensitive and specific method for the detection of oxidatively modified proteins and is generally regarded as an indicator of oxidative stress (Qiu et al. 2008) . After 250 mM NaCl treatment for 2 weeks, we detected the protein carbonylation of the WT and three transgenic lines by immunoblotting (Fig. 10c, d ). After salt stress, protein carbonylation was obviously higher in the WT compared with the transgenic plants.
Next, we examined the activities of some antioxidative enzymes such as catalase (CAT), superoxide dismutase (SOD) and peroxidase (POD; Fig. 10e-g ). Under normal conditions, no significant difference was found in the activities of any of the antioxidative enzymes examined. In contrast, salt stress Asterisks above each column indicate significant differences (*P < 0.05; **P < 0.01) between the OE and control plants.
increased their activities; the OE plants had higher antioxidative enzyme activity than the WT plants. In summary, our results suggested that under stress conditions, overexpression of TaPUB1 enhanced the antioxidant capacity of OE plants compared with the WT plants.
Overexpression of TaPUB1 in transgenic plants affects the expression of some stress response genes
To confirm the role of TaPUB1 in the salt response, the transcriptional responses of genes known to be related to the stress response were investigated by qPCR. We examined the transcript levels of the osmotic-related genes NbP5CS and NbP5CR, the vacuolar Na + /H + antiporter gene NbNHX1 and the ROS detoxification-associated genes NbAPX, NbGST and NbSOD. As shown in Fig. 11 , the transcript levels of the tested genes were up-regulated to some extent in the OE plants after salt treatment compared with the WT plants (Fig. 11b) . In contrast this up-regulation was limited under normal conditions without salt stress (Fig. 11a) .
Overexpresssion of TaPUB1 conferred hyposensitivity to exogenous ABA To explore whether TaPUB1 is involved in the ABA signaling pathway, we performed analysis with OE plants treated with ABA at germinative and seedling growth stages. We selected some plump seeds of WT and OE plants, and sowed them in triplicate on MS plates supplemented with ABA concentrations of 0, 1 and 2 mM. Without ABA treatment, the green seedling rate of OE lines was similar to that of WT lines. However, in medium supplemented with ABA for 10 d, the green seedling rate of WT seeds was more severely inhibited than those of OE lines (Fig. 12a, b) . In the absence of exogenously applied ABA, the root growth of the OE and WT lines was markedly similar. In the presence of different concentrations of ABA, the primary root length and lateral root number were significantly inhibited. However, the WT lines exhibited a greater reduction compared with the OE plants ( Fig. 12c-e) . These data demonstrated that the overexpression of TaPUB1 reduced the sensitivity of the transgenic plants to ABA. F 0 ) ]. The presented data are the means ± SE of three independent experiments. Asterisks above each column indicate significant differences (*P < 0.05; **P < 0.01) between the OE and control plants.
Enhanced tolerance of TaPUB1-overexpressing Arabidopsis to salt stress
In order to clarify the biological function of the gene more clearly, the cDNA sequence of TaPUB1 was integrated into the pMAC83 binary vector to induce constitutive expression of the TaPUB1 gene under the control of the CaMV 35S promoter in Arabidopsis. Three representative lines, OE1, OE2 and OE4, were selected using semi-quantitative RT-PCR analysis (Fig. 13a) . WT and OE lines were treated with 250 mM NaCl for 1 week, and severe chlorosis and wilt appeared in the leaves. Relatively less damage was caused by salt stress, and higher biomass was observed in the OE plants than in the WT plants (Fig. 13b, d ). In the absence of NaCl, the root growth of the OE and WT lines was markedly similar. In the presence of NaCl, the primary root length were significantly inhibited. However, the WT lines exhibited a greater reduction compared with the OE Arabidopsis plants (Fig. 13c, e) .
Discussion
TaPUB1 encodes a U-box protein that responds to abiotic stress and phytohormones TaPUB1 contains a U-box domain and Prp19 superfamily in the N-terminal region and WD-40 repeats in the C-terminal region (Fig. 1a) , and localizes to the nucleus and cytoplasm (Fig. 2) . Ubox domains have been shown to contain E3 ligase activity Fig. 7 The proline content (a), soluble sugar content (b), osmotic potential (c), Na + content (d), K + content (e) and Na + /K + ratio (f) in 8-weekold WT and OE plants were measured at the indicated time points after 250 mM NaCl treatment for 2 weeks. The presented data are the means ± SE of three independent experiments. Asterisks above each column indicate significant differences (*P < 0.05; **P < 0.01) between the OE and control plants.
Fig. 8 Na
+ distribution visualization in 2-week-old OE and WT seedlings treated with water as control or with 200 mM NaCl for 4 h. Na + was visualized using CoroNa Green dye by laser-scanning confocal microscopy. (Hatakeyama et al. 2001 , Zhang et al. 2005 ; this activity has been demonstrated for Prp19 in vitro (Ohi et al. 2003 , Loscher et al. 2005 , Vander et al. 2006 . Some proteins with WD-40 repeats are also known to be involved in the UPS in mammals (Higa et al. 2006 , Hu et al. 2008 . Therefore, it is very likely that TaPUB1 is an E3 ubiquitin ligase or at least has a function related to the UPS. Sequence alignment and phylogenetic tree analysis showed that TaPUB1 encoded a U-box protein and had highly similar properties to AtMAC3A and AtMAC3B (Fig. 1b) . MAC3A and MAC3B, two Prp19-like Ubox proteins in the MOS4-associated complex (MAC), function redundantly in the regulation of plant innate immunity (Monaghan et al. 2009 ).
TaPUB1 was expressed in the leaves, stems and roots, with the transcript level highest in the leaves (Fig. 3a) . As shown in Fig. 3b -h, TaPUB1 was induced at the transcript level by multiple stresses. The transcript level of TaPUB1 was obviously upregulated by NaCl, suggesting that TaPUB1 was involved in the salt stress response.
ABA plays important roles in plant responses to abiotic and biotic stresses, including salt, drought, cold and pathogen attack (Cutler et al. 2010 ). The C3H2C3 RING finger E3 ligase SDIR1 promotes stress-responsive ABA signaling in Arabidopsis and is involved in the response to salt stress (Zhang et al. 2007) . However, some genes that are induced by salt stress do not respond to ABA. Ectopic expression of CaPUB1 in Arabidopsis increased sensitivity to salt stress but the CaPUB1 gene was not responsive to ABA, suggesting that the function of CaPUB1 might be independent of ABA (Cho et al. 2006 ). In the current experiment, the expression of TaPUB1 was highly up-regulated by salt stress but only slightly induced by drought and ABA treatment ( Fig. 3b-d) , suggesting that TaPUB1 may be involved in the salt stress response by both ABA-dependent and ABA-independent pathways. The mRNA transcripts of TaPUB1 also respond to SA, MeJA and Eth treatment (Fig.  3e-g ).
Overexpression of TaPUB1 enhanced the salt tolerance of the transgenic plants U-box proteins have been reported to play important roles in plant responses to abiotic and biotic stresses (Zeng et al. 2008) . A previous study showed that the Arabidopsis U-box AtCHIP transcript was significantly induced by extreme temperatures (Yan et al. 2003) ; overexpression of AtCHIP rendered Arabidopsis plants more sensitive to both low and high temperatures (Yan et al. 2003) . AtPUB22 and AtPUB23 were recently shown to be required for responses to drought stress (Cho et al. 2008) . OsPUB15 reduces cellular oxidative stress (Park et al, 2011) . AtPUB18 and AtPUB19 are involved in salt inhibition of germination (Bergler and Hoth 2011) . PUB12 and PUB13 negatively regulate stress-induced leaf senescence . Additionally, GmPUB8 negatively regulates the drought stress response in Arabidopsis (Wang et al, 2016) .
To investigate the function of TaPUB1, we generated TaPUB1-overexpressing N. benthamiana plants. The WT and three OE lines (OE9, OE10 and OE11, Fig. 4a, b) were used in this study. Seed germination is a crucial developmental stage of the plant that ensures continued survival from generation to generation (Wilson et al. 2014) . Salt stress has long been recognized to affect seed germination. However, our results showed that overexpression of TaPUB1 alleviated the inhibition of seedling growth under salt stress (Fig. 4c-h) . We also examined the salt tolerance of mature plants. Reduced Chl loss and wilting were observed in OE compared with WT plants (Fig. 5a-d) . At the same time, we also introduced TaPUB1 into Arabidopsis. Our results showed that TaPUB1-overexpressing Arabidopsis -production rate (d). The presented data are the means ± SE of three independent experiments. Asterisks above each column indicate significant differences (*P < 0.05; **P < 0.01) between the OE and control plants.
have a similar phenotype compared with TaPUB1-overexpressing N. benthamiana plants (Fig. 13) . These results suggested that overexpression of TaPUB1 enhanced the salt stress tolerance of transgenic plants.
Photosynthesis, the most important physico-chemical process accountable for the energy production in higher plants which provides carbohydrates for plant growth, is very sensitive to salt stress (Belkhodja et al. 1994 , Meloni et al. 2003 . We examined the effects of TaPUB1 on photosynthesis in N. benthamiana under NaCl stress. Pn and E were decreased in the OE plants compared with the WT plants under salt stress (Fig. 6a, b) . The higher Pn in the transgenic lines may be relevant to the higher g s (Fig. 6c) , which allows more CO 2 to enter into the chloroplast for CO 2 assimilation.
Chl fluorescence is a rapid screening tool for salt-tolerant varieties and will not cause damage to plants in this process (Maxwell and Johnson 2000) . The Chl a fluorescence transients, which can be used to quantify PSII behavior, were recorded , d) , CAT activity (e), SOD activity (f) and POD activity (g) in 8-weekold WT and TaPUB1-overexpressing lines were measured at the indicated time points after salt treatment. The presented data are the means ± SE of three independent experiments. Asterisks above each column indicate significant differences (*P < 0.05; **P < 0.01) between the OE and control plants.
using PEA to derive OJIP in vivo with high time resolution and were analyzed according to the JIP test (Strasser 1997) . To study the effect of salt stress on the electron transfer of PSII, we performed the OJIP test (Fig. 6e, f) . Consistent with the data shown in Fig. 5 , the results shown in Fig. 6 also inferred that TaPUB1 overexpression enhanced the salt tolerance of N. benthamiana.
Osmotic adjustment, Na + /K + equilibrium and antioxidative competence were involved in the salt tolerance of the transgenic plants that overexpressed TaPUB1
Salt stress disrupts homeostasis in water potential and ion distribution in plants, leading to molecular damage, growth inhibition and even death. The accumulation of proline and soluble sugar in plants was reported to be correlated with increased tolerance to salt stress (Huang et al. 2009 ). Generally, plants with lower OP have enhanced tolerance or resistance to environmental stress . Compared with WT plants, we found that OE plants showed higher proline content, higher soluble sugar content and lower OP under salt treatment (Fig.  7a-c) . The P5CS and P5CR genes are involved in the regulation of proline accumulation (Hu et al. 1992 , Verbruggen et al. 1993 . After salt treatment, the transcript levels of P5CS and P5CR were higher in OE than in the WT plants, which was similar to the result for proline (Fig. 11) . These results suggest that enhanced osmolytes and the resulting lower OP may be strategies to adapt to salt stress tolerance in the OE plants.
Salinity adversely affects plant physiology through increasing accumulation of sodium ions (Na + ) that cause damage to cellular organelles; intracellular K + influx can be affected negatively by external Na + , and hence there can be attenuated acquisition of this essential nutrient (Stępień and Kl À bus 2006 , Munns 2007 , Ruiz-Lozano et al. 2012 ). The OE lines had less Na + and a lower Na + /K + ratio than the WT plants after salt treatment (Figs. 7d-f, 8) . The AtNHX1 gene encodes a vacuolar Na + /H + antiporter that is important for salt tolerance and is up-regulated by salt stress (Shi and Zhu 2002) . NbNHX1 encodes a vacuolar Na + /H + antiporter in N. benthamiana. The transcriptional levels of NbNHX1 were higher in the OE plants compared with WT plants after salt treatment (Fig. 11) . Taken together with the data in Fig. 8d-f , the up-regulated NbNHX1 gene in OE plants (Fig. 11 ) may be involved in the ionic imbalance caused by salinity.
High salinity not only can result in the hyperosmotic stress and ion imbalance, but also can cause oxidative damage in plants (Zhu 2002) . This damage can include ROS, which are highly reactive and toxic to plants and can lead to cell death by causing damage to proteins, lipids, DNA and carbohydrates (Noctor and Foyer 1998, Apel and Hirt 2004,) . When N. benthamiana seedlings were treated with NaCl for 1 week, the overexpression of plants have less accumulation of O 2 Á -and H 2 O 2 than the WT (Fig. 9a-d) . Moreover, membrane damage and protein carbohydrate accumulation were aggravated after NaCl treatment. This phenomenon was more severe in the WT plants compared with the OE plants ( Fig. 10a-d) . These results suggested that there was less oxidative damage in the OE plants than in the WT plants under salt stress conditions.
Plants have developed antioxidative systems to maintain ROS at low, steady-state levels. Here, we assessed the activities of enzymes, including CAT, POD and SOD. The enzyme activities were higher in OE than WT plants (Fig. 10e-g ) under salt stress conditions. NbCAT and NbAPX encode CAT and ascorbate peroxidase (APX), respectively. They are thought to use H 2 O 2 as an electron acceptor to catalyze a number of oxidative reactions (Orvar and Ellis 1995, Pasqualini et al. 2007 ). The glutathione S-transferases (GSTs) represent a major group of detoxification enzymes and are regulated in vivo by ROS (Hayes and Pulford 1995) . The mRNA accumulation of these antioxidant genes was up-regulated by salt stress (Fig. 11) in the OE plants. These results indicate that the enhanced antioxidative system may be involved in the salt tolerance of OE plants.
Some reports suggested the possible molecular mechanisms by which U-box proteins regulate plant salt tolerance. MAC3A and MAC3B from Arabidopsis are two homologs of TaPUB1. Fig. 11 TaPUB1 overexpression enhanced the expression of osmoticand oxidative stress-related genes in transgenic plants and the WT plants under salt stress. Relative transcript levels of genes in nontreated (a) and NaCl-treated (b) WT and OE plants were analyzed by qRT-PCR. The data are presented as the mean ± SE of three independent experiments. Asterisks above each column indicate significant differences (*P < 0.05; **P < 0.01) between the OE and control plants. The presented data are the means ± SE of three independent experiments. Asterisks above each column indicate significant differences (*P < 0.05; **P < 0.01) between the OE and control plants. (c)were measured. The presented data are the means ± SE of three independent experiments. Asterisks above each column indicate significant differences (*P < 0.05; **P < 0.01) between the OE and control plants.
They have three protein domains, including a U-box domain, Prp19 domain and WD40 superfamily. According to the description in NCBI (https://www.ncbi.nlm.nih.gov/), MAC3A interacted with CDC5 that is involved in plant growth and development (Lin et al. 2007 , Monaghan et al. 2009 ). MAC3B physically interacted with CDKG2. CDKG2 was previously shown to act as a negative regulator of the salinity stress response in Arabidopsis (Ma et al. 2015) . Thus, we hypothesize that TaPUB1 may interact with CDKG2 or CDC5 homologous amino acid sequences in wheat and participate in salt stress regulation. However, this hypothesis needs further research.
In conclusion, our results suggest that TaPUB1 is involved in the tolerance to salt in N. benthamia. Overexpression of TaPUB1 can confer enhanced salt tolerance in plants. The low OP, low Na + /K + ratio and increased ROS elimination in OE plants may be important physiological mechanisms underlying the enhanced tolerance to high salinity of the transgenic plants.
Materials and Methods
Plant material, growth conditions and treatments
Wheat (T. aestivum L. cv. HF9703) seeds were soaked for 6 h in aerated water and germinated on moist filter paper at 25 C for 1 d. Subsequently, wheat seedlings were transplanted into plastic pots filled with 1/2 Hoagland's nutrient solution and grown in the greenhouse that was at 25 C and under light/dark cycle conditions of 16/8 h. Nicotaina benthamiana seeds were sterilized and planted on MS medium for germination under greenhouse conditions. The four-leaf stage seedlings were transplanted into nutrient soil and continued to grow under normal conditions. The seeds of the Arabidopsis plants used in the experiments were surface-sterilized in 70% ethanol for 2 min, followed by 2.6% NaClO for 5 min, and then washed with sterile distilled water six times. After stratification at 4 C in darkness for 3 d, they were put on plates containing 1/2 MS medium.
Wheat seedlings at the 3-to 4-leaf stage which usually grow for 3 weeks were used for stress treatments. Wheat seedlings were treated with 150 mM NaCl, 15% PEG6000, 2 mM ABA, 100 mM SA, 100 mM MeJA, 50 mM Eth or water (control). Samples were collected at different time points and frozen in liquid nitrogen immediately before storage at -80 C.
For salt treatment of N. benthamiana plant seedlings, T 2 generation OE and WT seeds were sterilized and sown on MS medium alone or medium supplemented with 150 mM NaCl. The germination percentage was measured daily after sowing, and the phenotype of the WT and OE plants was recorded.
For salt treatment of grown transgenic plants, 8-week-old plants were initially treated with 50 mM NaCl. Then, the NaCl concentration was increased from 50 to 250 mM by a daily increase of 50 mM. All measurements were conducted on plants with fully expanded leaves after 10 d of exposure to the final NaCl concentration.
Cloning of the full-length TaPUB1 cDNA, vector construction and plant transformation Total RNA was extracted from wheat seedlings using the TRIzol Reagent (TAKARA). RT-PCR and RACE PCR were used to amplify the full-length TaPUB1 cDNA. Primer sequences used for the isolation of TaPUB1 are provided in Supplementary Table S1 . The TaPUB1 cDNA was inserted into the plant binary vector pBI121 at the XbaI and SmaI sites, under control of the CaMV 35S promoter. Then, the recombinant plasmid was transformed into A. tumefaciens strain LBA4404 by the freeze-thaw method. The A. tumefaciens strain we obtained above was used for N. benthamiana transformation by the leaf disk method (Horsch et al. 1985) . Finally, the transformed plants were screened by kanamycin (100 mg l -1 ) resistance and then identified by PCR. T 2 generation transgenic lines were used in the following experiments.
Subcellular localization of TaPUB1
Primers T1/T2 were used for the amplication of the open reading frame (ORF) of TaPUB1 without termination by PCR (Supplementary Table S1 ). Then, the fragment was inserted into the N-terminus of the GFP gene which was driven by the CaMV 35S promoter. At the same time, we used a 35S::GFP fusion construct as a control. The recombinant plasmids were transformed into LBA4404. Finally, the Agrobacterium we obtained above was used to infect onion epidermal cells and N. benthamiana epidermal guard cells for the subcellular localization of TaPUB1.
Western blot analysis
Custom-made polyclonal rabbit anti-TaPUB1 antibodies were generated (Genscript) against TaPUB1: GKGALEDEVGPDGKC [the cysteine in the C-terminus was added for keyhole limpet hemocyanin (KLH) conjugation]. Epitope sites were chosen based on predicted antigenicity (proprietary algorithm; Genscript). The secondary antibody was horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG (Santa Cruz Biotechnology). Protein extraction was conducted as previously described (Lee et al. 2007 ). For immunoblotting, total plant proteins of different samples separated by 12% SDS-PAGE were electrophoretically transferred to polyvinylidene fluoride (PVDF) membranes (Millipore) by the semi-dry method, and then detected with the above antibodies.
Measurement of Chl content, photosynthetic gas exchange and Chl a fluorescence parameters Fully expanded N. benthamiana leaves were used to estimate the net photosynthetic rate (Pn), transpiration rate (E) and stomatal conductance (g s ) using an infrared gas analyzer (CIRAS-2, PP Systems). The measurements were conducted at a CO 2 concentration of 360 ml l -1 , a saturating light intensity of 800 mmol m -2 s -1 , a gas flow rate of 200 ml min -1 and an external humidity of 60-70%; the temperature inside the leaf chamber was 25 C.
The intrinsic efficiency (F v /F m ) and Chl a fluorescence transient of the same N. benthamiana leaves were measured with a portable pulse-modulated fluorometer FMS-2 (Hansatech Instruments). After adaption to 800 mmol m -2 s -1 light for 30 min, the samples were measured using a leaf clip connected to the fluorometer. Na + distribution visualization Na + distribution visualization was conducted with CoroNa Green-AM (Invitrogen). Two-week-old seedlings were treated with 200 mM NaCl for 4 h and then incubated with 2.5 mM CoroNa Green-AM for 3 h in the dark. Z-stacks of leaf fluorescence were observed and recorded with the Zeiss LSM 510 confocal system (Jia et al. 2015) .
Determination of sodium (Na + ) and potassium (K + ) contents
Eight-week-old N. benthamiana leaves were used for the determination of Na + and K + contents. Leaves were fixed at 105 C for 15 min and dried to a constant weight at 80 C. Then the samples were ground into powder. The powder was digested with sulfuric acid, and the digests were filtered. The filtrates were subjected to Na + and K + determination using atomic absorption spectrometry (Hitachi Z-8000, Hitachi Ltd.).
Measurement of ROS accumulation, electrolyte leakage, malondialdehyde and antioxidative enzyme activities H 2 O 2 and superoxide radical (O 2 Á -) accumulations were detected using DAB and NBT staining, respectively. The young seedlings were infiltrated with 1 g l -1 DAB (pH 3.8) and a 0.5 g l -1 solution of NBT overnight. Then the seedlings were destained by boiling in ethanol (95%) for 10 min. After cooling, the samples were extracted in fixative solution (lactic acid : 95% ethanol : glycerol = 1 : 4 : 1), until the color disappeared. The samples were placed on a light box and photographed.
The O 2 Á -production rate was determined by monitoring nitrite formation from hydroxylamine in the presence of O 2 Á - (Elstner and Heupel 1976) . The H 2 O 2 content was measured according to the method of Gay and Gebicki (2000) . Electrolyte leakage was measured according to the method of Cao et al. (2007) . Measurement of the MDA content was according to Quan et al. (2004) .
SOD (EC 1.15.1.1), CAT (EC 1.11.1.6), POD (EC 1.11.1.7) and APX (EC 1.11.1.11) activities were determined as previously described (Zhang et al. 2012a) . The above spectrophotometric analyses were carried out using a Shimadzu (UV-2550) spectrophotometer. The OP was measured with a Micro-Osmometer (HR-33-T, Wescor).
Detection of protein carbonylation by immunoblotting
Leaf tissue (0.5 g FW ml -1 ) was ground in a chilled mortar in protein extraction buffer containing 100 mM Tris-HCl (pH 8.0), 10 mM b-mercaptoethanol, 1 mM EDTA, 0.4 M sucrose, 1 mM phenylmethylsulfonyl fluoride (PMSF), 5 mg l -1 leupeptin, 5 mg l -1 aprotintin, 5 mg l -1 antipain and 10% streptomycin sulfate (Qiu et al. 2008) . Different sample proteins were separated by 12% SDS-PAGE and transferred onto a PVDF membrane (Millipore) by the semi-dry method, followed by incubation with DNPH (0.1 mg ml -1 ) dissolved in 2 M HCl or 2 M HCl only for 5 min (Dalle-Donne et al. 2002) . Then, the membrane was washed three times in 2 M HCl and seven times in 100% methanol for 5 min each. Protein carbonylation was routinely detected with the anti-DNP antibody (Sigma).
Gene expression analysis by qRT-PCR
Total RNA was extracted using the TRIzol reagent (TAKARA) and then treated with DNase I (Fermentas). Total RNA was subjected to first-strand cDNA synthesis using the RevertAid First Strand cDNA Synthesis Kit (Fermentas) according to the instructions. cDNAs were used as templates for qRT-PCR performed using the TransStart Tip Top Green qPCR SuperMix (TransGene). All qRTPCRs were performed using the Bio-Rad CFX96 Real-Time System (Bio-Rad). Parameters for qRT-PCRs were 95 C for 10 min, initially followed by 40 cycles each comprised of 95 C for 30 s, 52 C for 30 s and 72 C for 30 s. The N. benthamiana actin gene (JQ256516) was used as a loading control in each reaction. Information on all genes used in qRT-PCR is listed in Supplementary Table S1 .
Statistical analysis SPSS 16.0 software was used for statistical analysis. Statistical significance was tested by one-way analysis of variance (ANOVA), and asterisks above columns in the figures indicate statistical differences (*P < 0.05; **P < 0.01).
Supplementary data
Supplementary data are available at PCP online.
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